Si nanopillars of less than 50 nm diameter have been irradiated in a helium ion microscope with a focused Ne + beam. The morphological changes due to ion beam irradiation at room temperature and elevated temperatures have been studied with the transmission electron microscope. We found that the shape changes of the nanopillars depend on irradiation-induced amorphization and thermally driven dynamic annealing.
thermally driven dynamic annealing process, characterized by Si interstitial-vacancy recombination, competes with the amorphization caused by the incident ion. When the substrate temperature T T c , the ion damage prevails and Si undergoes continuous amorphization. Once the temperature exceeds T c the dynamic annealing will recover the amorphized pocket of each incident ion, thus preventing the amorphization. The process is governed by ion mass, target temperature and-to a lesser extent-flux and ion energy.
Here, we utilize this dynamic annealing process at slightly elevated temperatures to prevent the amorphization of nanostructures during ion beam irradiation.
In the case of the nanostructures used in this work the length scale of the ion collision cascade becomes comparable to the structure size which results in unanticipated effects. Such effects can arise from changes in the distribution of the deposited energy.
These changes are a result of the truncation of the collision cascade by the nanostructure.
This reduces the amount of energy deposited into the nanostructure and changes the distribution of the deposited energy as the final low particle energy part of the cascade is missing. However, this part is characterized by a high relative nuclear energy loss as compared to the part of the cascade closer to the impact point. In addition, new processes such as backside or forward sputtering can change the stability of the nanostructure during ion beam irradiation [20] .
In this work we employ FIB and broad-beam irradiation in the few tens of keV range to shrink the diameter of few-tens of nm pillars down to nearly 10 nm. Specifically we use Ne + irradiation at 25 keV under normal incident in a helium ion microscope (HIM) [21, 22] . In the HIM the sample is heated in-situ using a home-built heater stage that can be loaded through the load lock of the Carl Zeiss Orion NanoFAB. Although the HIM has a lateral resolution of less than 2 nm when using Ne + , we scan the beam over a set of nanostructures to emulate a broad beam irradiation, to which we also compare the results at the end of the manuscript. The benefit of this approach is that a few pillars from the same sample chip can be irradiated at different fluences and/or at different temperatures. Possible morphological or structural changes can than directly be compared in the subsequent HIM imaging step at RT. This characterization has been performed using high resolution HIM and transmission electron microscopy (TEM) to obtain information on the morphology and crystallinity of the obtained nanopillars, respectively.
The recently developed Monte Carlo simulation program TRI3DYN [23] is used to perform a fully dynamic 3D simulation of the irradiation process. This is complemented by sputter yields and distributions of sputtered particles extracted from the static collision simulation program TRI3DST [20, 24] . The simulated results are compared with experimental findings and help with the understanding of the underlying processes.
To demonstrate the possibility for upscaling of this method we also employ Si + broad beam irradiation. Here, always the entire sample is irradiated and multiple samples have to be used to investigate the influence of temperature and ion fluence.
Both local and broad beam based irradiation suggest a versatile and CMOS-compatible fabrication method of sub-10 nm diameter vertical Si nanostructures at slightly elevated but still CMOS-compatible temperatures.
Methods
Silicon nanopillars have been fabricated via patterning of Si-rich anti-reflective coating In Fig. 1(d) the results of a combined RT and HT irradiation but in different sequence can be compared. Both pillar fields have received the same total fluence but in reverse orders. The pillar field in the back has first been irradiated at RT with a fluence of only 2 × 10 15 cm −2 followed by a fluence of 18 × 10 15 cm −2 at an elevated temperature of 400 • C. The fluence of 2 × 10 15 cm −2 for the first irradiation step has been chosen so that it leads to an amorphization of the pillars [19] but without an observable shape change. The pillars in the foreground of Fig. 1(d) were first irradiated at 400 • C with a fluence of 18 × 10 15 cm −2 followed by 2 × 10 15 cm −2 after being cooled down to RT.
As a result both pillar fields have received a total fluence of 2 × 10 16 cm −2 . However, as is clear from Fig. 1(d This also agrees well with the simulated result which shows that in the lower part of the nanopillar the displacement density is higher close to the sidewalls than in the centre.
This is attributed to the slightly tapered sidewall of the nanopillars (typically 7°) which leads to high angle sputtering, creating high amount of displacements close to the pillar surface. From the TRI3DYN result presented in Fig. 2 we conclude that a fluence of 2 × 10 16 cm −2 at RT results in a damage of at least 6 dpa. This is more than sufficient to amorphize the entire nanopillar in the absence of any dynamic annealing processes.
According to the defect out-diffusing model of amorphization [18] , when the temperature of the crystalline silicon is higher than the amorphization critical temperature T c , no matter how high the fluence is during an irradiation the originally crystalline structure will not be amorphized. From Figs. 1(c,d) Si which is between 1 × 10 15 cm −2 and 2 × 10 15 cm −2 [19] . While the dynamic annealing by the ion beam at HT above T c is sufficient to prevent amorphization of the initially crystalline nanopillars, it can not recover the crystal structure of an initially amorphous nanopillar by epitaxial recrystallization. As a consequence, surface tension induced by ion irradiation leads to viscous behavior of amorphized nanostructures and the resulting plastic deformation visible in Fig. 1(b) and in the back of Fig. 1(d) , as shown in previous studies-albeit mainly at ion energies from 100 keV to a few MeV-with various ion species, energies and target materials [27] [28] [29] .
To summarize, we showed that above the critical temperature of amorphization T c dynamic annealing prevents the amorphization of the crystalline Si nanopillars. From the TEM analysis we find out that this temperature corresponds to 325 are presented in Fig. 3(b) . While the simulation qualitatively fits with the experimental data it slightly overestimates the sputter yield for smaller diameters. Such a tendency was also observed in previous work [29] where the ion irradiation was performed at 45°i ncidence relative to the axis of a Si nanowire. The smaller the pillar diameter is, or when the ion impact position is close to the nanopillar rim, the higher the chance will be that a recoiled atom will leave the structure with a high kinetic energy. This reduces the energy deposited inside the pillar and subsequently leads to less energy deposited per incident ion as compared to a larger diameter pillar or a bulk system.
To further analyze the mechanism of the decrease of the nanopillar diameter, the average sputter yield during the pillar thinning process has been measured using the incident ion current and the lateral dimensions of the pillars and plotted against the diameter of the pillars. Detailed description of calculating the sputter yield from TEM micrographs is included in the Supporting Materials. As shown in Fig. 4(a) , the average sputter yield is approximately constant as long as the diameter of the nanopillars is significantly larger than the lateral range of the Ne + ions of ∼19 nm. The sputter yield measured for the nanopillars is at least 3 times higher than what is expected for sputtering at normal incidence on bulk Si surfaces as obtained from TRI3DST or SRIM.
Two factors are contributing to such a high sputter yield. First, due to the approximately 7°tapering, the sidewalls of the nanopillar are also exposed to the irradiation at a high glancing angle which results in a strongly enhanced sputter yield.
This contribution is hard to quantify due to the additional radial curvature of the nanopillar sidewall. The second contribution comes from is the forward sputtering from ions hitting at normal incidence on the top of the nanopillar. From the schematic presented as an inset in Figure 4 (a) one can see that in contrast to the case of a bulk structure (indicated as light red) where the collision cascade is fully embedded inside the sample, in the case of a nanopillar, the lateral extent of the collision cascade has a high probability to overlap with the surface. When a recoiled atom has a kinetic energy higher than the surface binding energy for Si of 4.7 eV [20] , it will leave the nanopillar as a forward sputtered atom. Detailed analysis from the simulation results in Fig. 3(b) shows that at the initial diameter approximately 74 % of the sputtering can be attributed to the forward sputtering from the ions penetrating into the top of the nanopillar.
As the irradiation proceeds, the two contributions evolve in different manners. The high-angle sputtering on the sidewalls of the nanopillars slightly decreases with the decreasing diameter and unchanged sidewall tapering (see Fig. 3 (b) and the insets in Fig. 3(a) ). On the other hand, forward sputtering from ions hitting the top of the pillar will be more severe due to a larger surface to volume ratio.
Results from simulations, using TRI3DST, of focused-beam irradiation onto a Si nanopillar are shown in Fig. 4(b)-(d) . The ions hit the top surface of the nanopillar at (b) 5 nm from the rim and (c)-(d) in the centre. For statistical reasons, an incidence of 1000 ions was simulated in all cases. In Fig. 4(b)-(d) , blue dots indicate the position on the nanopillar sidewall where a sputter event occurred. It is clear that for every single incident ion, the smaller the diameter of the nanopillar is, or the closer the incident spot is located to the rim, the higher the amount of sputtered atoms will be. This behavior results in a steady decrease of the nanopillar diameter, mostly due to the enhanced forward sputtering. In this model, two distinctive stages will be observed for such a thinning process. When the diameter of the nanopillars is significantly larger than the lateral range of the collision cascade, the incident ions that create forward sputtering near the rim, such as in the case of Fig. 4(b) , are unlikely to sputter from the other side of the nanopillar. Incident ions closer to the centre of the nanopillar, as shown in Fig. 4(c) , would only induce a small amount of forward sputtering as the collision cascade barely reaches the pillar surface. As a consequence, the decrease of the pillar diameter has a linear dependency on the fluence. When the diameter of the nanopillars is comparable to or smaller than the size of the collision cascade, which is 18.6 nm in the case of 25 keV Ne + , the chance that a recoil atom leaves the nanopillar via forward sputtering is high, independent from the ion impact position.
However, with decreasing pillar diameter, the size and shape of the collision cascade will also change. This is due to the limited size of the nanopillar, which reduces the actual average lateral range of the ions to a value smaller than the diameter but also reduces the range of the ions as they are more likely to leave the target structure. This situation is depicted in the inset of Fig. 4(a) . The lower part of the bulk collisions cascade is missing in the collision cascade inside the nanopillar. This also result in a redistribution of the energy deposition and the related defect density. In the nanopillar more energy is deposited close to the top which leads to more sputtering at the top and eventually a reduction of the pillar height.
To demonstrate the potential for upscaling to industrial applications, we also performed Si + broad beam irradiation of nanopillar arrays in a standard ion implanter. To be able to compare the results to the previous Ne + irradiation, we used 50 keV Si + , which has the similar dpa as 25 keV Ne + , to irradiate the nanopillars at 400 • C. In In particular the latter leads to a truncation of the collision cascade and an increasing contribution from forward sputtering to the thinning process. However, the truncation of the collision cascade in particular in the longitudinal direction increases the fraction of energy deposited in the top part of the pillar, resulting in an increase of the sputter yield in this region and ultimately leads to a reduction in height.
Compared to earlier attempts of ion beam based pillar reduction [29] our method does not require rotation of the incident direction and results in smaller final diameter.
Our approach which utilizes an irradiation process at slightly elevated but still very- 
